On the basis of single-channel currents recorded from the muscle nicotinic acetylcholine receptor (AChR), we have recently hypothesized that the conformation adopted by the glutamate side chains at the first turn of the pore-lining α-helices is a key determinant of the rate of ion permeation. In this paper, we set out to test these ideas within a framework of atomic detail and stereochemical rigor by conducting all-atom molecular dynamics and Brownian dynamics simulations on an extensively validated model of the open-channel muscle AChR. Our simulations provided ample support to the notion that the different rotamers of these glutamates partition into two classes that differ markedly in their ability to catalyze ion conduction, and that the conformations of the four wild-type glutamates are such that two of them "fall" in each rotamer class. Moreover, the simulations allowed us to identify the mm (χ 1 ≅ -60°; χ 2 ≅ -60°) and tp (χ 1 ≅ 180°; χ 2 ≅ +60°) rotamers as the likely conduction-catalyzing conformations of the AChR's selectivity-filter glutamates. More generally, our work shows an example of how experimental benchmarks can guide molecular simulations into providing a type of structural and mechanistic insight that seems otherwise unattainable.
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nicotinic receptor | glutamate rotamers T he role an ion channel can play in the physiology of a cell is dictated by the rate at which ions permeate, the type of ions that permeate, the stimulus that gates the channel open, the rates of interconversion among all conductive and nonconductive conformations, and the channel's level of expression in the membrane. In this paper, we are concerned with the chemical determinants of the rate at which cations permeate through the muscle nicotinic acetylcholine receptor (AChR), an archetypal neurotransmitter-gated ion channel.
Several "rings" of negatively charged residues decorate the walls of the ion-permeation pathway of the muscle nicotinic AChR. Of these, it is the ring of four glutamates and one glutamine in the first (N-terminal) turn of the pore-lining M2 transmembrane α-helices (the "intermediate ring of charge" at position -1′; Fig. 1A ) that lowers the energetic barrier to cation permeation the most (1) . Recently, on the basis of single-channel currents recorded from mutant AChRs, we proposed that only two of the four glutamates in the ring contribute to set the size of the unitary currents, and that these glutamates are deprotonated even at pH 6.0 (2) . This is in stark contrast with the situation in voltage-dependent Ca 2+ channels (Ca V channels) and cyclicnucleotide-gated channels (CNG channels), for example, where all four selectivity-filter glutamates have been suggested to contribute (directly or indirectly) to the formation of one (in Ca V channels) or two (in CNG channels) proton-binding sites that are largely protonated at pH 6.0 (3, 4) . Moreover, our results led us to propose that the difference between the muscle-AChR glutamates that catalyze cation permeation and those that do not is the conformation adopted by their side chains in the open channel (2) . Furthermore, current recordings from mutant constructs bearing only two glutamates in the ring suggested that the interconversion between these alternate conformers depends on the membrane potential with membrane hyperpolarization (that is, making the inside of the cell more negative) favoring the conformation(s) that catalyzes cation conduction (2) . From here, we reasoned that the cation-stabilizing conformation(s) must place the (negatively charged) carboxylate group farther (in terms of "electrical distance") from the cytoplasmic end of the channel than does the nonstabilizing conformation; this led us to refer to the former conformation(s) as "up" and to the latter as "down," merely for simplicity. Structural details aside, these results supported the notion that the ability of the glutamates at position -1′ to affect the channel's conductance to different extents has to do with their conformational flexibility.
Essentially, nothing is known about the conformation of these glutamates in muscle or nonmuscle AChRs from the application of direct structural approaches, and the insight provided by the structural models of their bacterial (cation-selective) counterparts seems to be of little value. Indeed, all currently available structural models of ELIC, a channel from Erwinia chrysanthemi, correspond to a nonconductive state (for example, refs. 5-7), and in GLIC-a bacterial ortholog from Gloeobacter violaceus for which an open-channel model has been proposed-the glutamates are shifted to an adjacent position of the primary sequence (position -2′ rather than position -1′; refs. 8, 9) , and thus are expected to occupy a different location in the M2 α-helix. On the other hand, the structural model of the AChR from Torpedo (a muscle-type AChR) in the open-channel conformation [Protein Data Bank (PDB) ID code 4AQ9; ref. 10] was generated from data analyzed at too low a resolution for the side chains to be located, let alone for their conformations to be determined. Moreover, the single-channel conductance of the homomeric serotonin type-3A receptor (5-HT 3A R, another cation-selective
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Our mutagenesis work on the ring of glutamates in the chargeselectivity filter region of the muscle nicotinic acetylcholine receptor led us to propose that the rate at which ions permeate through the open channel depends not only on the number of these glutamates, but also on the conformation of their side chains. Because our inferences were made on the basis of electrophysiological observations, however, we decided to test the plausibility of these ideas using computer simulations. Remarkably, the simulations gave ample credence to all aspects of our proposal and allowed us to gain insight into the effect of specific glutamate rotamers on single-channel conductance.
member of the pentameric ligand-gated ion-channel superfamily), for example, is so small (∼0.5 pS; ref. 11) that the applicability of structural models of this channel to interpret the cation-conduction properties of the muscle AChR would not be a foregone conclusion. Finally, the glutamate-gated Cl -channel (GluCl), an invertebrate ortholog for which an open-channel model has also been proposed (PDB ID code 3RHW; ref. 12), does not have glutamates at the intracellular end of M2, a feature that is conserved among all known anion-selective members of the superfamily. As a result, it seems prudent to state that the only insight into the structural organization-and certainly, the protonation state-of the muscle-AChR's ring of glutamates at position -1′, thus far, comes from our single-channel electrophysiology studies (2) .
To test our proposal about the pronounced effect of glutamate side-chain conformation on the AChR's single-channel conductance within a framework of stereochemical rigor, we set out to perform molecular simulations; no other approach seemed to offer the possibility of studying this phenomenon in a more systematic manner and with the required level of atomic detail. To this end, we applied all-atom molecular dynamics (MD) and Brownian dynamics (BD) simulations to a homology model of the mouse-muscle openchannel AChR's transmembrane pore that we validated against extensive experimental observations. In remarkable agreement with experiments, the simulations pointed to an asymmetric arrangement of glutamate side-chain conformations as the basis for the markedly different contribution of the various subunits to the single-channel conductance. Furthermore, the simulations allowed us to make predictions as to the specific rotamers adopted by the four glutamates in the wild-type channel.
Results
A Structural Model of the Open-Channel AChR. The main objective of this study was to test the notion that the conformation adopted by the glutamates of the intermediate ring of charge is a major determinant of the muscle-AChR's single-channel conductance. To address this question using molecular simulations, we needed a structural model of the receptor in the openchannel state. Although such a model has recently become available from tubular crystals grown from isolated postsynaptic membranes of the electric organ of Torpedo fish (10), the low resolution of the electron crystallography images (6.2 Å) precludes the assignment of the location and conformation of the side chains. Thus, in an attempt to correct for these uncertainties while still taking advantage of the valuable insight provided by these data (indeed, the tubular crystals contained plasma-membrane embedded AChRs), we generated a homology model (Fig. 1 ) combining the latter with NMR-based models of the α4 and β2 AChR subunits (15) . To optimize the model, we used side chainconformation prediction algorithms (16) and a variety of all-atom MD simulations (17, 18) , as indicated in detail in Materials and Methods. To obtain a model of convenient size for all-atom molecular simulations while still retaining the most critical parts of the protein for ion conduction, we modeled only the M1-M3 stretch of each adult-type mouse-muscle AChR subunit; this heteropentamer consists of two α1, one β1, one δ, and one e subunits. Because the e subunit contains an extra amino acid at position -3′ of the M1-M2 linker that is not conserved in the β2 subunit after which e was modeled, we omitted this residue (Gly-250) from the homology model. All known anion-selective members of the superfamily from vertebrates also contain an additional residue at position -3′ of each subunit, and the existing structural data (12, 19) indicate that this extra amino acid is accommodated within the preceding M1-M2 linker without affecting the location of position -1′, in the first turn of the M2 α-helix, relative to the pore (Fig. 1C) . Thus, we considered that omitting this residue from our model's e subunit is unlikely to have a drastic effect on our simulations. Note also that the e subunit contains a glutamine rather than a (negatively charged) glutamate at position -1′. For the mouse and Torpedo AChR models, the plotted distances are nearly the same, which is not surprising because the latter was used to model the former. Two differences stand out, however, when these distances are compared with those computed from the GluCl structure. On the one hand, the distance corresponding to position -2′ is shorter in GluCl, which (along with the presence of a proline at this position instead of the glycine present in the AChR) contributes to a narrower pore constriction (Fig. 1D) . Gratifyingly, this difference is fully consistent with earlier estimations of minimum pore size of the anion-selective (20, 21) and cation-selective members of the superfamily (22, 23) made on the basis of electrophysiological observations. On the other hand, the Cα atom at position 9′ of the AChR is closer to the pore axis than is the Cα atom at position Comparison of pore-radius profiles estimated using HOLE (14) . Because these profiles depend on the side chains and because of the discrepancy between the threading of the primary sequence in our model and in that of the AChR from Torpedo, the latter was not included in the comparison. Vertical broken lines to the right of the plots in C and D indicate the approximate location of the residues.
10′ by ∼1.5 Å (on average), whereas these two Cα atoms are almost equidistant from the central axis in GluCl. That position 9′ in the open-channel conformation of the muscle AChR is more fully exposed to the aqueous pore lumen than is position 10′ is strongly suggested by the experimental finding that a lysine substituted at position 9′ blocks the single-channel current to a larger extent and that a histidine at this position displays a more bulk-like pK a value (24) . Thus, we conclude that the noted structural differences between the models of GluCl and the muscle AChR in the open state are amply justified. The final step of the series of procedures that led to a structural model consisted of ∼170 ns of equilibrated MD simulation. We used the CHARMM36 force field (25) with an applied electrical potential of -100 mV (negative on the intracellular side of the channel) and with harmonic restraints applied on the protein-backbone atoms so as to maintain a stable pore geometry. The goal of this simulation was to let the side chains relax toward their minimum free-energy conformation(s). As the final time points ("frames") were approached, the side chains of the two α1-subunit (chains A and D) glutamates adopted χ 1 and χ 2 torsional angles of approximately -65°and 180°, respectively ( Fig. 2) , which correspond to one of the staggered-angle combinations of dihedral angles for the two sp 3 -sp 3 bonds of the side chain. Hereafter, we use the nomenclature of the "penultimate rotamer library" (ref.
26; see also SI Appendix, Fig. S1 ), according to which this rotational isomer (rotamer) is designated as "mt" for "minus" (χ 1 = -60°± 45°) and "trans" (χ 2 = 180°± 45°). Similarly, toward the end of the simulation, the torsional angles of the β1-subunit glutamate side chain were χ 1 ≅ -70°and χ 2 ≅ -55°( that is, an mm conformation), whereas those of the δ-subunit side chain were χ 1 ≅ -75°and χ 2 ≅ +70°[an mp conformation, where "p" (χ = +60°± 45°) is for "plus"]. To learn about the plausibility of these side-chain conformations, we decided to delve deeper into the stereochemistry of side chains in the first turn of an α-helix. The glutamates of the AChR's intermediate ring occur in the first turn of an α-helix (13, 15) , a region where four residues in a row-typically referred to as positions Ncap, N1, N2, and N3 (27, 28)-can form only one of the two i→i-4 (donor→acceptor) backbone-backbone hydrogen bonds that are possible at positions in the interior of α-helices. At these four positions, the backbone amide groups cannot form hydrogen bonds with backbone carbonyl oxygens; instead, nearby side chains often act as hydrogen-bond acceptors. Indeed, the fact that AChRs contain an aspartate at position -5′ and a glutamate at position -1′ (that is, the Ncap and N3 positions, respectively) suggests that these side chains can accept each other's backbone amide group to form reciprocal hydrogen bonds. This is a common motif (known as the "capping box") that occurs whenever the Ncap and N3 positions are occupied by side chains that are good hydrogen-bond acceptors (27, (29) (30) (31) (32) (33) (34) (35) . It follows, then, that the torsional freeenergy landscape of the N3 glutamate side chains may well be biased toward conformations that allow the formation of these backbone-side-chain hydrogen bonds with the Ncap aspartates.
To learn about the conformation of N3 glutamates in capping boxes of known structure, we surveyed the PDB for structures solved to 2.0 Å or better resolution containing α-helices [identified using STRIDE (36) , as implemented in Visual Molecular Dynamics (VMD; ref. 37) ] with glutamate at position N3 and threonine, serine, asparagine, or aspartate at position Ncap (these are the four most common amino acids at position Ncap of the capping-box motif); none of these structures corresponded to a membrane protein, however, let alone to an ion channel. Analysis of 200 unique such α-helices ( Fig. 3 and SI Appendix ,  Table S1 ) revealed that, in most cases (66.5%), glutamate side chains at position N3 adopt an mt conformation (Fig. 4) , a rotamer where the side chain is positioned in such a way that it can accept a hydrogen bond from the backbone-amide nitrogen of the Ncap residue while minimizing steric clashes. This is the rotamer that the α1-subunit side chains tend to adopt toward the end of the ∼170-ns MD simulation (Fig. 2) . In fewer α-helices (6.0%), N3 glutamates adopt an mm conformation (Fig. 4) . This rotamer precludes the formation of the hydrogen bond between the N3 carboxylate oxygens and the Ncap amide group, but instead, it allows the interaction of the glutamate side chain with the surrounding solvent. This is the type of conformation the β1-subunit side chain adopts toward the end of the simulation (Fig.  2) . In this rotamer, and in the particular context of the AChR, the negatively charged carboxylate seems to be optimally positioned to interact with both the water inside the pore and the passing cations, whereas the backbone-amide nitrogen can still donate a hydrogen bond to the Ncap side chain. As for the δ subunit, the glutamate side chain adopts an mp conformation (Fig. 4) , a rotamer that was observed in only 1 of the 200 glutamates at position N3 that we analyzed. In this rotamer, the backbone amide and the side-chain carboxylate are positioned in such a way that they can form an intraresidue hydrogen bond, but the near-absence of this type of conformation in the set of surveyed structures suggests that the patterns of hydrogen bonds allowed by the other rotamers are far more stabilizing. It has already been noted that the CHARMM36 all-atom protein force field may overestimate the energy associated with the intraresidue We simulated our homology model ( Fig. 1) for ∼170 ns using the CHARMM36 force field (25) and applying a transmembrane potential of -100 mV (negative on the intracellular side of the channel), as described in Materials and Methods. The simulation started with the last time point (frame) obtained upon application of the MDFF (18) . We recorded the χ 1 and χ 2 dihedral angles of the four wild-type glutamates at position -1ʹ every 10 ps and display them here every 100 ps. (A-D) Chains A-D, respectively. On the basis of the results of BD simulations, we considered the mm and tp rotamers to make a high contribution to the amplitude of the single-channel current, whereas all other rotamers were considered to make a low contribution.
electrostatic interaction between the side chain and the backboneamide hydrogen of glutamate (25) . For comparison, inspection of the dihedral angles adopted during the ∼170-ns MD simulation by the side chains of the naturally occurring glutamates at the other (C-terminal) end of the M2 α-helix-a region where no backbone-amide group is left without a backbone carbonyl-oxygen hydrogen-bond partner-revealed that the mt rotamer dominates the torsional landscape followed by mm; the occupancy of the mp rotamer was negligible (SI Appendix, Fig. S2 ). In light of these ideas, and as an initial way of dealing with this discrepancy, we decided to dismiss the mp rotamer of the glutamate at position N3 of the δ subunit and considered instead the next most frequent type of conformation adopted by this side chain in our MD simulation: the mm rotamer (Fig. 2C ).
BD-Computed Current-Voltage Properties. We set out to compute the single-channel current-voltage (i-V) relationships of structural models using BD simulations. To this end, several different frames occurring toward the end of the MD simulation ( Fig. 2 ) and containing both α1-subunit glutamates in an mt conformation and both the β1-and δ-subunit glutamates in an mm conformation were selected at random. For one of these time points (Fig. 5A) , the BD-estimated conductance at 27°C with 150-mM KCl bathing both ends of the channel was ∼147 pS (Fig. 5B) , which is in good agreement with the experimentally estimated value of ∼138 pS for the wild type, and ∼160 pS for the mutant without the eGly at position -3′, at ∼22°C, in the cell-attached configuration ( Fig. 5C ), quite close to the value of -59.5 mV (-55.0 mV, if activity coefficients were taken into account) that would be expected from a perfectly cationselective channel. Furthermore, we found that replacing the glutamates of the α1 subunits and the glutamine of the e subunit with alanines leaves the BD-computed single-channel conductance largely unaffected (∼138 pS; Fig. 5B ), in complete agreement with our experimental observations for this triple mutant (∼142 pS; ref.
2). Similarly, we found that replacing the four glutamates and one glutamine of the intermediate ring with five alanines lowers the BD-computed single-channel conductance to ∼29 pS and introduces some inward rectification, with the rectilinear portion of the i-V plot at negative membrane potentials projecting onto the voltage axis at ∼-52 mV (Fig. 5B) . In close quantitative agreement, cell-attached single-channel patch-clamp measurements indicate that the conductance of this all-alanine mutant AChR is ∼31 pS and that the rectilinear portion of the (26), where m stands for minus, p for plus, and t for trans, was used throughout this paper and is explained using Newman projections; see also SI Appendix, In each image, the four glutamates (of the two α1, the β1, and the δ subunits) are in the indicated rotamer, whereas the e-subunit glutamine is in the mm rotamer. For both A and B, the numbers in parentheses denote the frequency of each rotamer in our library of N3 glutamates ( Fig. 3C and SI Appendix, Table S1 ).
i-V plot at negative membrane potentials projects onto the voltage axis at ∼-40 mV. Hereafter, we refer to this particular time point of the equilibrated MD as "the working model" (Fig. 5A ).
The Effect of Side-Chain Conformation. To better understand the effect of different side-chain conformations on the rate of cation conduction, we generated additional structural models, each having the four glutamates at position -1′ in a given rotamer in the background of the working model described above, and computed the corresponding values of single-channel conductance using BD simulations. We limited these computations to the six rotamers of glutamate that are present at least once in our culled library of 200 α-helices ( Fig. 3C and SI Appendix, Table  S1 ). As shown in Fig. 6 A and B, we found that the BD-computed single-channel conductance values are (mean ± SE, in pS) 231 ± 3, 193 ± 7, 119 ± 7; 92 ± 8, 78 ± 7, and 53 ± 11 for the models with all four glutamates in the tp, mm, tt, mt, mp, and pt rotamers, respectively. Thus, it seems as though the contributions of the different rotamers to the single-channel conductance partition, roughly, into two groups: tp and mm contribute more (we refer to these conformations as "conduction-catalyzing"), and the other four rotamers-notably including the mp rotamer, which the MD simulations favor at the δ subunit-contribute less. Extending these results to our working model of the wild-type muscle AChR (Fig. 5A) , this would mean that the α1-subunit glutamates (which adopt the mt rotamer) contribute to the amplitude of the singlechannel currents to a lower extent than do the glutamates of the β1 and δ subunits (which adopt the mm rotamer). To further test this idea, we replaced the α1-subunit glutamates in our model with alanines while leaving the β1-and δ-subunit glutamates unmodified, and computed the corresponding i-V curve; the singlechannel conductance turned out to be ∼136 pS, which is very close to the value of ∼147 pS computed by BD for the (fourglutamate) working model. Importantly, the negligible effect of the α1-subunit glutamates on single-channel conductance found through simulations is in striking agreement with our previous experimental findings (2) . For the sake of completion, we also computed the i-V curve corresponding to a model where the β1-and δ-subunit glutamates were replaced with alanines while leaving the α1-subunit glutamates unmodified; the single-channel conductance turned out to be ∼61 pS, comparatively close to the value of ∼29 pS computed for the model containing no glutamates at all at this position.
The Effect of the Number of Glutamate Side Chains. To gain insight into the effect of the number of glutamates at position -1′ on single-channel conductance, we again used BD simulations. Starting with a model having five alanines at position -1′, we added glutamates (one at a time) in the mm rotamer. This is the rotamer adopted by the glutamate side chains of the β1 and δ subunits of our working model, and one of the glutamate rotamers that contributes the most to the single-channel conductance according to our BD simulations (Fig. 6 A and B) . The computed i-V plots (Fig. 6C) indicate that each added mm glutamate increases the single-channel conductance: in going from zero to one, from one to two, and from two to three, each additional glutamate increases the conductance by 50, 57, and 57 pS, respectively. However, in going from three to four and from four to five mm glutamates, the conductance increases by only 14 and 23 pS, respectively. Experimentally, we found that the singlechannel conductance increases by ∼50 pS in going from zero to one (in any subunit), and by ∼60 pS in going from one to two glutamates in the β1 and δ subunits (2). Addition of two more glutamates in the α1 subunits (of course, without control over or knowledge of the conformation adopted by the introduced side chains) did not increase the conductance any further (2) . Indeed, this is the finding that previously led us to hypothesize that the four wild-type glutamates make drastically different contributions to the single-channel current amplitude (2). Moreover, whereas the BD-computed conductance of a model with five glutamates in the mm rotamer is 230 pS, that of a model with three mm glutamates (in β1, δ, and e) and two mt glutamates (in both α1 subunits) is 185 pS. Remarkably, the experimentally estimated conductance of the mutant having five glutamates in the intermediate ring (and without the Gly at position -3′) is also 185 pS (2) .
Inspection of the BD-computed ion-permeation potentialof-mean-force (PMF) profiles (Fig. 6D ) revealed that a model having an intermediate ring with five alanines poses a broad freeenergy barrier to cation conduction that peaks at around position 2′, three residues away from position -1′ toward the extracellular side. We found that each additional glutamate (in the mm rotamer) modeled at position -1′ lowers the PMF in this region in such a way that the peak of the profile eventually shifts from around position 2′ to position 9′; in the wild type (black line), the PMF profile peaks at position 9′. Overall, the striking similarity between the i-V properties computed by BD simulations and those estimated experimentally from the wild-type channel and several mutants provides ample support to our structural model of the muscle AChR's pore in the open-channel conformation.
The mp Rotamer of Glutamate. The assignment of the mm conformation to the δ-subunit glutamate gave rise to a structural model whose BD-computed i-V properties are very similar to those estimated experimentally from the wild-type AChR. Furthermore, with this choice of rotamer, the resulting arrangement of side-chain conformations is such that two of the glutamates are predicted to contribute to the single-channel conductance much more than the other two, in complete agreement with what we have inferred from experiments (2). However, during ∼170 ns of MD simulation, the probability of the glutamate side chain of the δ subunit adopting the mm rotamer was only ∼0.03, whereas the probability of occupying the mp rotamer was ∼0.97; almost no other rotamer was visited ( Fig. 2; for comparison, in the same simulation, the β1-subunit glutamate adopted the mm rotamer with a probability of 0.95).
To address the possibility that this discrepancy represents an artifact of the limited duration of the MD simulation, we performed another simulation, this time starting with all four glutamate side chains in the mm rotamer (SI Appendix, Fig. S3 ). In the first tens of picoseconds, this initially symmetric arrangement of four glutamates in a conduction-catalyzing conformation evolved into a configuration with only one glutamate in the mm rotamer (none adopted the tp), much like during the first simulation (Fig. 2) . In the present case, however, it was one of the α1-subunit glutamates that adopted the mm rotamer; the other three glutamates were, largely, mp. We repeated this simulation three more times (reaching a total of 430 ns; SI Appendix, Figs. S4-S6 ), all starting with four mm glutamates, and in all cases the simulations pointed to a final configuration of essentially only one glutamate adopting a conduction-catalyzing conformation (SI Appendix, Fig. S7 ). We also ran a 100-ns MD simulation using the AMBER ff99SB* force field (39) for the protein, instead of the CHARMM36 force field that we used in all other cases, and found that this change has essentially no effect on the results. Indeed, only one of the four glutamates adopted a conduction-catalyzing conformation (SI Appendix, Fig. S8) .
Inspection of all of the MD simulations presented thus far indicates that the number of glutamate side chains adopting the conduction-catalyzing, mm or tp rotamers is essentially one, which contrasts with the number of two such rotamers predicted by BD and electrophysiological recordings. Furthermore, the MD simulations indicate that the δ-subunit glutamate adopts the rare mp rotamer most of the time. The mp rotamer of glutamate is stabilized by the intraresidue hydrogen bond formed between the carboxylate side chain and the backbone amide, and it has been noted that the importance of this interaction-relative to all other possible interactions that these moieties can establish in the first turn of an α-helix-may be overestimated in MD simulations (25) . Thus, we wondered what would happen to the δ-subunit glutamate if the relative stability of the mp rotamer were lowered. To answer this question, we ran four more MD simulations under conditions expected to either weaken this intraresidue bond or strengthen other, competing interactions. First, we removed the negative charge from this glutamate by "mutating" it to glutamine. To preserve the four-glutamate-one glutamine composition of the wild-type ring, we also "mutated" the e-subunit glutamine to glutamate. We ran a 100-ns MD simulation starting with the same frame as that used for our first simulation (Fig. 2) , the only difference being that the chemical identities (but not the conformations) of the δ-and e-subunit side chains were swapped. Notably, the side chain of glutamine in the δ subunit changed conformation quickly and occupied the mm rotamer with a probability as high as 0.765 after the first 25 ns of simulation (Fig. 7) , an increase by a factor of ∼21 relative to that of a glutamate in δ (Fig. 2C) . On the other hand, the side chain of glutamate in the e subunit adopted the mp rotamer nearly all of the time (SI Appendix, Fig. S9 ). Importantly, in our simulations of the wild-type channel, the side chain of the e-subunit glutamine rarely dwelled in the mp rotamer.
The other three simulations run under conditions aimed at destabilizing the mp rotamer of glutamate led essentially to the same result. Certainly, removing the positive charge from the backbone-amide hydrogen atom (SI Appendix, Fig. S10 ), increasing the transmembrane potential from -100 mV to -1,000 mV (SI Appendix, Fig. S11 ), and fixing a K + inside the pore (between positions -1′ and 2′; SI Appendix, Fig. S12 ) decreased the occupancy of the mp rotamer and increased the occupancy of the (conduction-catalyzing) mm rotamer, with the occupancies of all other rotamers remaining very low. Thus, the unexpectedly high occupancy of the mp rotamer in some of our simulations may indeed be the result of the challenge posed by the particular pattern of hydrogen bonds in the first turn of an α-helix. Effect of glutamate-to-glutamine mutation on the stability of the mp rotamer. We mutated our working model of the muscle AChR so as to bear a glutamine in the δ subunit and a glutamate in the e subunit, thus preserving the wild-type four-glutamate-one-glutamine composition of the ring, and simulated the system for 100 ns. All other conditions and the starting configuration of side-chain conformations were the same as those used for the MD simulation illustrated in Fig. 2 . We recorded the χ 1 and χ 2 dihedral angles of the δ-subunit glutamine every 10 ps and display them here every 100 ps. As shown in the figure, mutating the glutamate of the δ subunit to a glutamine decreased the side chain's occupancy of the mp rotamer and increased the occupancy of the mm rotamer (compare with Fig.  2C ). The χ 1 and χ 2 dihedral angles of the four glutamates of this mutant construct are displayed in SI Appendix, Fig. S9 .
E3202 | www.pnas.org/cgi/doi/10.1073/pnas.1408950111 Harpole and Grosman lacked. For example, we can now classify the different rotamers of glutamate on the basis of their predicted effect on the amplitude of the single-channel current: according to the BD simulations, the negatively charged side chain of the muscle-AChR's glutamates of the intermediate ring is best positioned to catalyze the permeation of cations when adopting an mm or a tp conformation. It is tempting to speculate, then, that the two glutamate side chains that contribute to set the size of the muscleAChR's unitary current interconvert rapidly (more rapidly than we can detect electrophysiologically) between the mm and tp rotamers. Similarly, the two glutamate side chains that do not contribute appreciably to the currents would interconvert rapidly between rotamers other than mm or tp. Clearly, we cannot rule out the possibility that interconversions between these two classes of rotamer also occur, but if they did, they would have to take place in such a way that at any point in time two of the glutamates adopt one class of rotamer and the other two glutamates adopt the other class of rotamer. Thus, if one of the glutamate side chains crossed rotamer classes, then another one would be expected to do so in the opposite direction quickly thereafter.
Regarding the BD simulations, we find the agreement with experiments to be remarkable, especially considering that this method treats the electrostatics as a continuum and uses static structures for the computation of the i-V curves. We surmise that the fact that cations permeate the channel with their hydration shell nearly intact (as observed during our MD simulations) explains, at least in part, the success of BD in the case of the AChR. However, we would like to point out that the marked numerical agreement between the BD-computed and the experimentally determined single-channel conductance values has its limitations. Indeed, as has been the case for the structural models of other ion channels, our BD simulations failed to reproduce the relationship between single-channel conductance and cation concentration that is observed experimentally for the muscle AChR. Although the electrophysiologically estimated conductance is already at a maximum at 150-mM concentration of monovalent cations (40) , the BD-computed values keep increasing even at 1 M KCl (SI Appendix, Fig. S13A) . Thus, the numerical agreement may be regarded as somewhat fortuitous; the numbers would not have been so similar if we had chosen to run the experiments and the simulations at a KCl concentration higher than 150 mM. Also, although our BD simulations reproduced the experimentally determined small effect of mutating the ring of aspartates at position -5ʹ to alanines on the single-channel conductance, the simulations greatly overestimated the effect of mutating the acidic side chains at position 20ʹ (SI Appendix, Fig.  S13B) . Finally, our model lacks the entire N-terminal extracellular domain, the long intracellular M3-M4 linker, the M4 transmembrane segment, and the short C-terminal tail, the first two of which are expected to affect the single-channel conductance of the muscle AChR, at least to some extent (41, 42) . Despite these caveats, however, and even if the numerical agreement had only been approximate, the notion that the BD simulations estimated the effect of mutations to the ring of -1ʹ glutamates correctly lends credence to the predictions made by these simulations for situations that cannot be controlled experimentally, such as the effect of defined glutamate rotamers at this particular position of the M2 α-helix.
It may be argued that we could have estimated the number of ion crossings at different voltages using a more detailed computational approach, such as all-atom MD, instead. However, it seems unlikely that a study of the sort we are presenting herewith several replicates for each measurement, a large number of analyzed mutant constructs, and a variety of explored side-chain conformations-could have been completed in a reasonable timeframe using MD even with special-purpose hardware of the kind used, for example, in ref. 43 . Note that ion permeation at experimentally accessible voltages (say, between -200 mV and +200 mV) is a relatively slow process, and thus, simulations much longer than those we have performed here to analyze the time course of side-chain dihedral angles would be required to make meaningful comparisons between simulated and experimentally obtained values.
We examined the six most likely rotamers of glutamate in the context of the AChR's open-channel structural model (Fig.  4) in an attempt to identify what causes the different conformations of glutamate to contribute to the single-channel conductance to different degrees. We analyzed different geometric variables and found that the BD-computed conductance decreases monotonically with the distance between the carboxylate oxygens and the center of mass of the five-leucine ring at position 9ʹ (Fig. 8) , that is, the position at which the ionpermeation PMF profile of the wild-type channel peaks (Fig. 6  B and D) . On the other hand, no simple relationship exists between the computed conductance and the distance between the carboxylate oxygens and the pore's central axis (Fig. 8) , a distance that disregards the position along the z axis. Thus, it seems as though the terms "up" and "down," which we tentatively used in previous work to denote the glutamate conformations that make a large (up) and small (down) contribution to the singlechannel conductance (2) , are actually quite reasonable and more appropriate than, for example, "in" and "out."
We are convinced that as our understanding of ion-channel structure and function becomes increasingly more sophisticated, our appreciation of the functional impact of side-chain conformational flexibility will also increase, and hence, so will our reliance on atomic-resolution theoretical approaches of the sort we used here. Certainly, we speculate that side-chain flexibility may also be functionally relevant in the case of the glutamates in the selectivity filter of Ca V channels, CNG channels, and the Orai Ca 2+ release-activated Ca 2+ channel. In fact, recent MD simulations of the selectivity filter of bacterial voltage-dependent Na + channels, which contains four glutamates, have pointed to a role of side-chain flexibility in ion permeation (44, 45) although, The average distance between all eight carboxylate oxygens at position -1′ and the central axis of the pore is plotted using blue symbols for the six rotamers of glutamate that, according to our survey of the RCSB PDB ( Fig. 3C and SI Appendix, Table S1 ), are most common at position N3 of α-helices. The data points correspond to the six models shown in Fig. 4 . The corresponding values of single-channel conductance were taken from Fig. 6A . The average distance between all eight carboxylate oxygens and the center of mass of the 9′-leucine ring is plotted in red for the same six models. The relationship between the BDcomputed single-channel conductance and these latter distances is the more straightforward of the two. Error bars are SEs.
clearly, it would be reassuring to obtain experimental support for this notion, much as we did for the muscle AChR (2). Overall, the present study provides a compelling example of how protein function can be shaped profoundly by details that a mere inspection of static structural models may miss. Above everything else, this work highlights the value of single-channel electrophysiology as a powerful tool in structural biology, the fundamental importance of using experimental benchmarks when performing computer simulations, and the pressing need for increasingly more accurate (yet practical) theoretical treatments of protein electrostatics.
Materials and Methods
Generation of a Muscle-AChR Structural Model. We generated a homology model of the transmembrane pore of the adult mouse-muscle AChR that includes the M1, M2, and M3 transmembrane α-helices, and the two intervening linkers of each subunit (α1-subunit residues: 208-300; β1 subunit: 219-311; δ subunit: 222-314; and e subunit: 217-309, with residue 250 being omitted; see below). To model the α1 subunit, we used an NMR-based structural model of the α4 AChR subunit (PDB ID code 2LLY; ref. 15 ), whereas to model the β1, δ, and e subunits, we used an NMR-based structural model of the β2 AChR subunit (PDB ID code 2LM2; ref. 15) . Residue substitutions were introduced to the models of the α4 and β2 subunits so as to match the primary sequences of the mouse α1 (accession number: P04756), β1 (P09690), δ (P02716), and e (P20782) subunits. Subsequently, these models were structurally aligned to the open-channel model of the muscle-type AChR from Torpedo (PDB ID code 4AQ9; ref. 10) using VMD (37) . Because the e subunit contains an extra amino acid at position -3ʹ (Gly-250) of the M1-M2 linker that is only shared by γ subunits (the fetal counterpart of e), and because the structure of the e subunit was modeled on the basis of the structure of a β subunit, we omitted this e-subunit residue from our homology model. To assign the conformations of the mutated side chains in the initial model, we used SCWRL4 (16), a side chain-conformation optimization software. Using the CHARMM36 force field (25) for lipids, proteins, and ions, this initial model was then placed in a 105 × 105-Å 2 membrane of 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine using the membrane-builder plugin in VMD (37) . The structure was then solvated with TIP3P water and 150 mM KCl for a total of 80,226 atoms (also using VMD); the dimensions of the simulation box were 105 × 105 × 86 Å 3 . Using NAMD version 2.9 (17) for all allatom MD simulations, this structure was minimized for 30,000 steps during which only the acyl chains of the phospholipids were allowed to move. This step was followed by 10,000 steps of minimization with no fixed atoms. The structure was then heated to 300 K over 1.5 ns using equally spaced 50-K increments; during the first nanosecond of this simulation, harmonic constraints of 5 kcal·mol -1 ·Å -2 were placed on backbone atoms to allow for sidechain reorientation. To increase the accuracy of the model, the molecular dynamics flexible-fitting algorithm (MDFF; ref. 18) within NAMD (17) was applied using the portion of the electron-density map of the open-channel structural model of the muscle-type AChR from Torpedo (electron microscopy code EMD-2072; ref. 10 ) that corresponds to the region of the protein being modeled. After 9.5 ns, the structure converged to a stable state whose Cα atoms overlap almost exactly with those of the Torpedo's open-channel model (Fig. 1C) . After MDFF, equilibrium simulations were performed for ∼170 ns using a constant temperature (300 K) and a constant pressure (1 atm). All simulations used a 1-fs timestep with nonbonded interactions calculated every 2 fs and full electrostatics calculated every 4 fs. A 10-Å switching distance and a 12-Å cutoff for nonbonded interactions were used. Long-range electrostatic interactions were calculated using the particle mesh Ewald method with a 1-Å grid spacing and with periodic boundary conditions being applied in all dimensions. A constant temperature was maintained using Langevin dynamics with a damping coefficient of 1 ps 
·Å
-2 on the proteinbackbone atoms so as to maintain a stable pore geometry. The length of the simulation box along the z axis was 86 Å, and hence an electric field of 1.195 × 10 −3 ·V·Å -1 along the z axis was applied to mimic a transmembrane potential of 100 mV. Unless otherwise stated, a potential of -100 mV (negative on the intracellular side of the channel) was applied during all MD simulations (46) .
Umbrella-Sampling MD Simulations. To compute the ion-permeation PMF along the central axis of the wild-type pore, we performed umbrellasampling simulations starting with the last time point of the equilibrated MD simulation illustrated in Fig. 2 . One hundred and four "umbrella windows" were used with a spacing of 0.5 Å for a total distance of 52 Å. Using the collective-variables module in NAMD, a harmonic restraint of 5 kcal·mol
was placed on an individual ion at every window so as to sample the entire transmembrane region. Each window was simulated for 1.5 ns, and the first 300 ps were removed from the analysis to account for equilibration. The umbrella windows were then combined using the Weighted Histogram Analysis Method (WHAM, as implemented in http://membrane.urmc.rochester. edu/content/wham; ref. 47) to generate the corresponding single-ion PMF profile; the transmembrane potential during these simulations was zero.
We also calculated the ion-permeation PMF for the wild-type model using BD simulations (see below) and found that the two profiles are quite similar (SI Appendix, Fig. S14 ). Thus, because BD-generated PMFs can be obtained at a much lower computational cost, we applied BD for all other PMF profiles computed in this study.
BD Simulations. The equilibrated protein structure was used as an input for BD simulations using the Grand Canonical Monte Carlo/Brownian dynamics (GCMC/BD) simulation software (48) . Input files for the GCMC/BD simulations were generated using the CHARMM Graphical User Interface (49) . Simulations were carried out with a grid spacing of 0. (50) . The diffusion coefficients corresponding to these ions inside the channel's pore were taken as one-half of their values in bulk using a 10-Å switching function on both ends of the channel to mimic the effect of confinement (49) . The dielectric constants of both the membrane and protein regions were set to 2, and that of all aqueous regions was set to 80. Both the pore and the membrane were taken to be 30 Å in length. All simulations were run for 1 μs, and each simulation was replicated five times with different velocity seeds at all membrane potentials. BD simulations were also used to calculate multiion PMF profiles using the expression -RTln(C i /C o ), where C o is the charge density of the bulk solution (for 150 mM KCl, C o was taken as 9.03 × 10 −5 e·Å -3 ) and C i is the average charge density over the entire simulation for each point along the pore's central axis.
